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Drag force(s) acting on a collection of particles

Suspensions exhibit
significant drag variation
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Suspensions exhibit
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Existing drag laws fail to
capture higher-order (HO)
statistics '3

® Particle velocity variance

® Particle dispersion
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® Particle dispersion
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Drag force(s) acting on a collection of particles

Hydrodynamic forces:

. (i) . .
f)’)idldj't’ = ,5'>V .7 [X,(,')] + [7/-ndS

Isolated sphere (Maxey-Riley)

0) Pf V;Si) d (i) 3 o [* ddj (uf B Uf,”)
3msdpfiso (Uf - U, ) 4k 2 a (Uf - U, ) + 5\/7rpf|»lfdp /o W dr
Quasi-steady drag Added mass

Basset history

We seek a stochastic framework that incorporates these effects in the
drag statistics of a suspension
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e
Talk forecast

Emphasize stochastic EL framework

® Hydrodynamic forces

+ Discrete particles
* Unresolved boundary layers

® HO particle moments

® Statistical approach

@ Stochastic hierarchy !
> Langevin Egs.

® Stochastic EL solver >
» Improved predictions

o 3
>
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Neighbor-induced drag statistics

PR-DNS studies show
Gaussian PDFs 13
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Neighbor-induced drag statistics

PR-DNS studies show
Gaussian PDFs 13
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Neighbor-induced drag statistics

PR-DNS studies show
Gaussian PDFs 13
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® Specify statistics via FZ(') Unicai.o/Uo

» Deterministic PIEP ! Huang et al. (2017) Balachandar (2020)
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Neighbor-induced drag statistics

PR-DNS studies show
Gaussian PDFs 13

Expand unresolved drag
about the mean '
[7-ndS = (Fg)+F}

® Specify statistics via Fz(i)

» Deterministic PIEP !

» Stochastic Langevin 3

Choose (F,) correlation
® (Fg) = f(Rep, 9)
hd <Fd> = f(Repafvba pP/pf)
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Consequence of force Langevin equation

Lattanzi et al. (2020)
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Evolution of particle-phase
moments

® Gaussian drag fluctuations

® Exponential ACF
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Consequence of force Langevin equation

Lattanzi et al. (2020)
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Evolution of particle-phase
moments
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® Gaussian drag fluctuations

® Exponential ACF
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Consequence of force Langevin equation

dF//(i) _ _il://(i)dlL + \[UF
d TF d f
Evolution of particle-phase
moments
® Gaussian drag fluctuations
® Exponential ACF

® Source of velocity variance

® Source of dispersion

Higher-order drag statistics
consistent with PR-DNS

dw, i

05}

Lattanzi et al. (2020)

0 25 50 75 100 125 150
s

Multiphase/Multi-physics Flow Lab



EE ———————GGG——G—————S
Towards a stochastic drag framework

Equation of motion:

<>dU ZFE’Q + VOV [XO]+ [7nds
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Towards a stochastic drag framework

Equation of motion:

col

>dU ZF(’J) +Viv. 7 [xf,")] + [7'-ndS
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Towards a stochastic drag framework
Equation of motion:

5 dUg’ £
mg) = = Dyviv.z x“ + [T -ndS
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Towards a stochastic drag framework

Equation of motion:

col
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Towards a stochastic drag framework

Equation of motion:

5 dUg’ £
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A correlation for drag variance

PR-DNS of fixed assemblies T@I’
e PUReIBM 2 B

Tavanashad & Subramaniam (2020)
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A correlation for drag variance

PR-DNS of fixed assemblies T@I’
e PUReIBM 2 B
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A correlation for drag variance

PR-DNS of fixed assemblies T@I’
e PUReIBM 2 B
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EL framework

NGA low mach solver

® Volume filtering, 2°¢ order scheme

(1= 6)pr) + V- (1~ G)prur) = 0

a ((1 - ¢)prf) + V. ((1 - ¢)prf ® Uf) =V-T+ (1 - ¢)pfg — Finter + Fmr

Lagrangian particle tracking

® Soft-sphere (multiple, enduring contacts)
Filter kernel: g(x —y)
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Homogeneous fluidization of elastic particles
Triply periodic box 2
® Force flow rate < |W| >
® Gravity opposes flow g

b Pp/Pfa Rema ¢

I

<|wW|>

1Termeti et al. (2016)
2Tavanashad et al. (2020)
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Homogeneous fluidization of elastic particles

Triply periodic box 12 sacor
® Force flow rate < |W| > I 05 _
048 =
® Gravity opposes flow g fos =
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® pp/pf, Rem, ¢

Fluidized homogeneous
heating system (FHHS)

® Velocity IC ¢ (u)
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Homogeneous fluidization of elastic particles

Triply periodic box 2
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(VA

Fluidized homogeneous
heating system (FHHS)

® Velocity IC ¢ (u)
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Fluidized homogeneous
cooling system (FHCS)

® QOver-prescrived variance
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FHHS: Re,, sweep

Fixed conditions: p,/pr = 100, ¢ = 0.1
® Stochastic EL (—) Standard EL (—) PR-DNS (o)

0 50 100 150 » ;_’OO 0 50 100 150 200 0 50 100 150 200
tw/d, tw/d, tw/d,

Rem =10 Rem =20 Rem =50

Stochastic FL captures growth and steady velocity variance
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FHCS: Rer sweep

Fixed conditions: Re,, = 20, p,/pr = 100, ¢ = 0.1
® Stochastic EL (—) Standard EL (—) PR-DNS (o)

. ——— 8
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0 50 100 150 200 0 50 100 150 200
tW/d, tW/d,
Rero =14 Rero =06

Stochastic FL captures decay and steady velocity variance
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FHHS: ¢, p,/pr sweep

Fixed conditions: Re,, = 20
® Stochastic EL (—) PR-DNS (o)
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Stochastic FL captures dynamics over wide range

Multiphase/Multi-physics Flow Lab



Talk forecast: extensions

Emphasize stochastic EE framework

® Hydrodynamic forces

+ Discrete particles
* Unresolved boundary layers

® HO particle moments

® Statistical approach
0 1

) 2
>

® Closure for EE solvers *°
» Hydrodynamic sources

+ Continuum solids phase

lLattanzi et al. (2020)
2

Lattanzi et al. (2021)
3Lattanzi et al. (IP)
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o
Extension to Euler-Euler frameworks

Homogeneous, smooth, elastic spheres

dT 2 1
Sr=S-T=2(AV) T= T((V,aV})
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o
Extension to Euler-Euler frameworks

Homogeneous, smooth, elastic spheres

a7 2 1
G =5 T=3(V) T=-Tr((V,0V}))

5
T

Tenneti et al. (2016)

Multiphase/Multi-physics Flow Lab Norkshop 2021| 13



o
Extension to Euler-Euler frameworks

Homogeneous, smooth, elastic spheres

dT 2 1
GES-T=S(AV)  T= Te(V;e V)
Require solution to Fokker-Planck

aP(v',a";t) 0 1 1 9 a2, 9*P
o + i a// _ 7\// Pl — (a//P) — 7—3” 5272

5
T

Tenneti et al. (2016)
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o
Extension to Euler-Euler frameworks

Homogeneous, smooth, elastic spheres
dT 2 1
GES-T=S(AV)  T= Te(V;e V)

Require solution to Fokker-Planck
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o
Extension to Euler-Euler frameworks

HHS S &T HCS S &TI
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o
Extension to Euler-Euler frameworks

HHS S &T HCS S&T T(t)
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Extension to Euler-Euler frameworks
HCS S&T T(t)

HHS S &T

4
102 10" 10 10t 10 10° 102 10t 10 10t 102 10
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Density ratio

(
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Extension to Euler-Euler frameworks
HCS S&T T(t)

6

HHS S &T

10°F 7 10°r 53 1 2
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102 10" 10" 10t 10 10 102 10t 10 0t 102 10 0 200 400 600 800
t|(w)|/d, t|(w)|/d, t|(w)|/d,
Density ratio
12 .
‘ @ Capture S(t), I'(t), T(t) in HHS & HCS
10 |
o ® Well behaved extrapolation: pp/pr < 100
o o o
é @ Predicts To, saturation for p,/pr < 1

@ Potetial general theory from gas-solid to
bubbly flows

10° 102 10" 10” 10" 10> 10° 10
PplPf
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Questions?
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